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ABSTRACT
In this paper, we have investigated one of the alternative theories to dark matter
named MOdified Gravity (MOG) by testing its ability to describe the local dynamics
of the Milky Way in vertical and transverse directions with the baryonic matter. MOG
is designed to interpret the dynamics of galaxies and cluster of galaxies without the
need for dark matter. We use local observational data such as the vertical dispersion,
rotation curve, surface density and number density of stars in the Milky Way to
obtained the parameters of MOG and the baryonic component of MW by implementing
a Bayesian approach to the parameter estimation based on a Markov Chain Monte
Carlo method. We compare our results with the dark matter model of MW. The two
models of MOG and CDM are able to describe equally well the rotation curve and the
vertical dynamics of stars in the local MW. The best values for the free parameters
of MOG in this analysis is obtained as α = 8.99± 0.02 and µ = 0.054± 0.005 kpc−1.
Also, we obtain the parameters of the generalized gNFW model in the dark matter
model. Our best value of bulge mass from MOG is (1.06 ± 0.26) × 1010M which is
consistent with the estimations form the microlensing observations.
Key words: Galaxy: disc- Galaxy: kinematics and dynamics – Galaxy: dark matter
- modified gravity theory.
1 INTRODUCTION
The standard model of cosmology ΛCDM explains the
present experimental data about the accelerated expansion
of the universe, the power spectrum of the Cosmic Mi-
crowave Background, the formation of the large scale struc-
tures and gravitational lensing effects by postulating the ex-
istence of the exotic forms of the dark matter (DM) and
dark energy (DE)(Scolnic et al. 2017; Aghanim et al. 2018;
Zhao et al. 2019). The observational evidence of cosmic ac-
celeration has obtained almost two decades ago. The first
observational evidence of dark matter is observed by Zwiky
in the cluster of galaxies (Zwicky 1937). Also, the observa-
tional evidence for dark matter in the spiral galaxies has
been investigated in the 1970s where there was a discrep-
ancy between the observed dynamics and the mass inferred
from luminous matter (missing mass problem) (Rubin &
Ford 1970; Rubin et al. 1980). Their observations showed
that the orbital velocity of stars around the center of spiral
galaxies in the outer regions of galaxies is significantly larger
than that of expected due to the Newtonian gravity by the
visible matter. This observation provides the necessity for
the existence of dark halo structure around the spiral galax-
ies with the mass of one order of magnitude larger than the
visible part of the galaxy.
Although there are many strong indirect evidences that
support the existence of DM, however, no direct and indi-
rect evidence has been found for the existence of dark matter
particles (Aprile et al. 2018; Atwood et al. 2009). Despite the
difficulty in identifying the dark matter contribution to the
total mass density in our Galaxy, stellar kinematics, as a
tracer of gravitational potential, is the most reliable observ-
able for gauging different matter components. Moreover, at
the scale of galaxies, there is tension between the theoret-
ically expected dark matter distribution and its indirectly
observed distribution such as core cusp and satellite prob-
lems (Moore et al. 1999; Klypin et al. 1999; Maleki et al.
2019).
An alternative way to explain the observed dynamics
of galaxies and clusters is to adopt a modified theory of
gravity. There are numerous proposals for modified gravity
as proxies for dark matter in the literature for the regime
of galaxies and cosmology, such as MOdified Newtonian
Dynamics (MOND)(Milgrom 1983; Bekenstein 2004), the
Tensor-Vector-Scalar theory (TeVeS) and the Modified grav-
ity (MOG) theory (Moffat 2006). In these theories are no
additional dark mass component in the structures and dy-
namics is determined purely by the baryonic matter. The
other observations such as comparing the mass construction
from the gravitational weak lensing and baryonic distribu-
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tion of A1689 cluster, Nieuwenhuizen (2017) conclude that
popular alternative gravity theories like MOND and MOG
or TeVeS cannot fit these two data unless an additional dark
matter profile is assumed in the halo of galactic cluster. Also
the ability of Weyl gravity and MOG to inferred accelera-
tion of structures without using the dark matter component
is discussed in Dutta & Islam (2018); Islam & Dutta (2020);
Negrelli et al. (2018).
In this work, we will take two models of DM and MOG
to study the local dynamics of MW. The main goal of this
work is to investigate the radial and vertical dynamics of
stars in the local MW and compare them with the observed
data. We apply the local Milky Way observables, including
the vertical dispersion velocity of stars, the rotation curve,
the baryonic surface density, and the stellar disk profile.
The paper is organized as follows: in the section (2), we
briefly review the DM model and MOG theory. In section
(3) we explain completely local Milky Way observables. We
perform a statistical analysis in order to constraint the free
parameters of the models and compare them to each other
in section (4) and we draw our conclusions in section (5).
2 MODEL DEFINITION AND ASSUMPTIONS
In this section, we introduce the baryonic component of the
Milky Way, the dark halo component and also MOG as a
modified gravity to investigate the dynamics of Galaxy using
only the baryonic part of the galaxy.
2.1 The baryonic component of the Milky Way
The exact distribution of the (visible) baryonic components
in our galaxy is not exactly clear and there are uncertainties
(Bland Hawthorn & Gerhard 2016; Lin & Li 2019). We use
the mass distribution of the baryonic content (stars and gas)
within the Milky Way according to a set of observations in-
ferred the morphologies in three main visible baryonic com-
ponents (Iocco et al. 2015b).
1- Stellar Bulge: the bulge dominates the inner few kpcs
(2-3 kpc) of the Milky Way by a triaxial shape with a bar
extending at positive Galactic longitudes and it contains ap-
proximately 15% of the luminous matter. There are some
profiles for the bulge as exponential, Gaussian and power-
laws. Here we select a Hernquist density profile (Hernquist
1990)
ρ?,b(r) =
M?,b
2pi
r?,b
r
1
(r + r?,b)3
, (1)
where r?,b is the bulge scale radius and M?,b is a normal-
ization constant that sets the total mass of the bulge. We
fixed the scale radius to r?,b = 600 pc (Bland Hawthorn &
Gerhard 2016), while the normalization is allowed to vary.
2- The stellar Disc: the stellar disk extends up to ∼ 20
kpc from the galactic center, presents axial symmetry and
contains approximately ∼75% of all Galactic stars. It has
been modeled by different authors with the help of surveys
of photometric data across the Galaxy (Iocco et al. 2015a).
In the observational studies, Misiriotis et al. (2006) analyzed
COBE dust emission maps to constrain the parameters of
the Galactic model. Such a model is comprised of axisym-
metric distributions for the stars (composed of a bulge and
a disk), the dust (cold and warm) and the gas (molecular
H2 and atomic HI). The stellar disk in the cylindrical co-
ordinate is given by double exponential function as follows
ρ?,disk(r, z) = ρ˜? exp(− r
h?,R
− |z|
h?,z
), (2)
where h?,R and h?,z are the length scales of the disk, ρ˜? =
M
4pih?,zh2?,R
is the normalization density and M is the mass
of disk. We fix the vertical height scale to the best fit value
of h?,z = 300 pc (Bland Hawthorn & Gerhard 2016).
3- The interstellar gas: The third part of baryonic matter
in the Milky Way is in the form of gas which can be found
in three different forms of molecular, atomic and ionized
matter. The interstellar gas is composed mainly by hydro-
gen (90.8% by number or 70.4% by mass), 9.1% by number
(28.1% by mass) of helium and negligible amounts of heavier
elements. The description of the interstellar gas in the MW
is decomposed into two parts: one that describes the inter-
stellar gas within the inner 3 kpc of the Galaxy and another
for the distribution of gas beyond 3 kpc from the galactic
center. We take a double exponential density profile for the
gaseous disk, also alike the equation (2). We fixed the scale
height of the disk of gaseous component to hg,z = 130 pc
and supposed hg,R = 2h?,R (Bovy 2017; J. Binney 2008).
2.2 Dark matter model for halo
The nature of the dark matter (DM) particle is unknown.
We can infer some of its properties from its gravitational ef-
fects to explain the growth of structures with non-relativistic
particles so-called cold dark matter. From the dynamics of
the spiral arm and nearby galaxies such as large and small
Magellanic clouds, we can infer that halo is extended up to
≈ 200 kpc. Furthermore, the mass of the halo of DM is one
order of magnitude larger than the mass of stars and gas
from the dynamics of MW (Benito 2019). There are vari-
ous models have been proposed for the distribution of DM
Halo density profiles for our galaxy such as the isothermal,
the Navarro-Frenk-White (NFW) (Navarro et al. 1996) and
Einasto profiles (Einasto 1965). The generalized Navarro-
Frenk-White (gNFW) profile is a generalization of the NFW
profile (Navarro et al. 2004) and a good description of the
mass distribution of DM halos from DM-only simulations
from dwarf galaxies up to galaxy clusters which takes into
account the unknown inner density profile of DM halos and
it represents a cuspy profile diverges towards smaller r val-
ues. This function is given by
ρDM (r) =
ρ˜dm
( r
rs
)γ(1 + r
rs
)3−γ = ρ˜0(
R0
r
)γ(rs +R0
rs + r
)3−γ , (3)
where γ is the inner slope of the density profile, rs is the
scale radius, ρ˜dm is the characteristic density and ρ˜0 is the
local density of halo. In work we adopt gNFW profile and
ρ˜dm, γ and rs are considered as the free parameters. Typical
ranges from the N-body simulations are 0.9 γ  1.2 and
rs = 19 kpc (Lisanti et al. 2018).
2.3 MOG Model
We will use the MOdified Gravity theory (MOG) also called
Scalar-Tensor-Vector-Gravity (Moffat 2006) to examine the
MNRAS 000, 1–?? (2015)
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local dynamics of Galaxy and compare the results with that
of dark matter theory. MOG is a relativistic modified gravity
theory with a tensor field to represent the gravity field and
the extra degrees of freedom with a massive vector field φµ
and the three scalar fields of G, µ, ω which represent the
gravitational coupling strength, the mass of the vector field
and its coupling strength, respectively. The action of this
theory is given by S = SG+Sφ+SS+Smatter where Smatter
is the action of matter field and
SG = − 116pi
∫
1
G
(R+ 2Λ)
√−gd4x, (4)
Sφ = − 14piω
∫
[ 14B
µνBµν − 12µ
2φµφ
µ (5)
+Vφ(φµφµ)]
√−gd4x,
SS = −
∫
1
G
[ 12g
αβ(∇αG∇βG
G2
+ ∇αµ∇βµ
µ2
) + (6)
VG(G)
G2
+ Vµ(µ)
µ2
]
√−gd4x,
where Bµν = ∂µφν − ∂νφµ is the Faraday tensor of the vec-
tor field and ∇ν is the covariant derivative with respect to
the metric gµν and Vφ(φµφµ), VG(G) and Vµ(µ) are the self-
interaction potentials associated with the vector field and
the scalar fields, respectively. On astrophysical scales for
studying the behavior of MOG, we can use the weak field
approximation for the dynamics of gravitating systems with
perturbing them around Minkowski space for the arbitrary
distribution of non-relativistic matter. Under this assump-
tion, the scalar fields remain constant and the acceleration
of a test particle can be written as,
~a(~x) = −GN
∫
ρ(~x′)(~x− ~x′)
|~x− ~x′|3 ×[1+α−αe
−µ|~r|(1+µ|~r|)]d3 ~x′.
(7)
The parameter α and the vector field mass µ control the
strength and the range of the modified gravity. We note
that for a point mass object with the mass of M , these two
parameters are given as (Moffat & Toth 2009):
α = M
(
√
M + E)2
(
G∞
GN
− 1
)
, (8)
and
µ = D√
M
, (9)
where G∞ ∼ 20G represents the effective gravitational con-
stant at infinity, while D and E are determined using obser-
vational data. Since we are studying the extended objects
in the weak approximation of this theory, the α and µ pa-
rameters depend on the mass and the coupling constant of
the vector field with the matter field and they are consid-
ered as constant parameters (Moffat & Rahvar 2013). The
numerical values of these parameters have been reported by
fitting the rotation curves of galaxies to observational data
as well as the X-ray emission from the cluster of galaxies to
be α = 8.89 and µ = 0.042 kpc−1 (Moffat & Rahvar 2013,
2014).
3 DATA SETS
In the section, we explain the observational parameter that
we will use to investigate the CDM and MOG. Here, we
use the Galactocentric cylindrial system (R,φ, z) where R
is the projected Galactocentric distance, φ in the direction
of Galactic rotation and z towards the North Galactic Pole.
One of the key parameters to interpret any other kinematic
observations of the Milky Way is the distance from the Sun
to the Galactic Center, R0. There is still significant uncer-
tainty on this parameter. In this work, we adapt the solar
position at R0 = 8.12 kpc and at the Galactic mid-plane
(z ' 0 kpc) as the fiducial values, consistent with the obser-
vation of Sgr A? black hole (Abuter et al. 2018; Eilers et al.
2019).
3.1 Rotational Curve of Galaxy
Rotation Curve is one of the main evidences for the problem
of missing mass in the sprial galaxies. For rotatonal velocity
well beyond the galaxy core, we can obtain the acceleration
of a test particle from the gradient of the potential, a =
−∇Φeff as follows
~a(~x) = −GN
∫
ρ(~x′)(~x− ~x′)
|~x− ~x′|3 × f(~x−
~x′)d3 ~x′, (10)
where for CDM, ρ(r) = ρB(r) + ρDM (~r) and f = 1 and for
MOG, ρ(r) = ρB(r) and f(~r) = 1 + α − αe−µ|~r|(1 + µ|~r|).
From the density profile, we can infer the correspond-
ing gravitational potential and therefore, circular velocities.
This is the algorithm we use for calculating the rotation
curve of Galaxy:
ρi(~x)→ Φi(~x)→ vi(R); (11)
where ~x is a three-dimensional vector and R is the distance
to the center of Galaxy. In the weak gravitational limit, the
gravitational potential relates to the density profile with the
boundary condition Φi → 0 to |x| → ∞ where the rotation
velocity obtain as
v2i (r, z) = rG
∫ ∫ ∫
ρi(r′, z′)f(|~r − ~r′|)
|~r − ~r′|3 (r−r
′ cosφ′)r′dr′dφ′dz′,
(12)
where |~r− ~r′| =
(
r2 + r′2 − 2rr′ cosφ′ + (z − z′)2
)1/2. Mea-
surement of the RC of the Milky Way is much harder than
external galaxies. This is due to our interior position that
complicates some measurements, such as the extended RC
of the gas in the disk.Eilers et al. (2019) determined the
circular velocity at the Sun’s Galactocentric radius with its
formal uncertainty to be vc(R0) = 229.0±12 km s−1 . They
found that the velocity curve is gently but significantly de-
clining at −1.7±0.47 kms−1 kpc−1, with a systematic uncer-
tainty of 0.46 km s−1 kpc−1, beyond the inner 5 kpc. The
value of the circular velocity at the Sun’s Galactocentric
radius has an important role to constraint the mass distri-
bution of our Galaxy and the local dark matter density and
we will use these values in our main and second analysis.
The RC can also be used to construct the realistic Galactic
mass model by fitting the RC with a parameterized multi-
component Milky Way, consisting of, for instance, a bulge,
a disc, and a dark matter halo.
MNRAS 000, 1–?? (2015)
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3.2 Number Density and Vertical Velocity
Dispersion
In this section, we use the number density of stars in the
Galactic disk. Kuijken & Gilmore (1989) introduced a tech-
nique to determine the integral surface mass density of the
disc near the Sun. They had used K-dwarfs as the ideal stars
in SDSS/SEGUE catalog where they stated that K-dwarfs in
the present context are in dynamical equilibrium in Galac-
tic potential as phase-mixed and their distance can be well
determined. These stars also can be found to |z| > 1 kpc,
therefore, we make sure to measure the total surface mass
density. In this direction, Zhang et al. (2013) derived the
spatial and velocity distribution by using a sample of 9000
K-dwarf. The distribution of the K-dwarf sample is catego-
rized into subsets that are abundance-selected in the [α/Fe]
vs. [Fe/H] plane:
• metal-rich: [Fe/H] ∈ [−0.5, 0.3], [α/Fe] ∈ [0., 0.15].
• intermediate metallicity: [Fe/H] ∈ [−1.0,−0.3],
[α/Fe] ∈ [0.15, 0.25].
• metal-poor: [Fe/H] ∈ [−1.5,−0.5], [α/Fe] ∈
[0.25, 0.50].
These sub-samples contain 3672, 1416 and 2001 stars, re-
spectively. In order to constrain the gravitational vertical
force in the vicinity of the Sun by measuring the mean num-
ber density of stars and observed vertical velocity dispersion
profiles, we can use the Jeans equations. Hence we model
the number density profile of each sub-population ni(z) as
a simple exponential of unknown scale height hi as
ni(z) = n˜i exp(−|z|/hi), (13)
where index "i" pointed to three tracer populations. From
the vertical z-Jeans equation in the cylindrical coordinate
and for a steady-state disk,
1
R
∂
∂R
[Rni(z)σ2Rz]+
∂
∂z
[ni(z)σ2zz,i(z)]+ni(z)
∂Φeff
∂z
= 0, (14)
where σij =< vivj > is the velocity dispersion tensor and
σ2zz,i and σ2Rz are the velocity dispersion components of a
tracer population moving in the vertical gravitational po-
tential Φeff . The first term in equation (14) is called the
’tilt’ term (Zhang et al. 2013) and for an almost symmetric
disk with respect to the Galactic plane, we can ignore the
first term of the Jeans equation. Therefore the dominant
gradient in the Jean’s equation is the z-gradient of the disk
and the vertical Jeans equation simplifies as
∂
∂z
[ni(z)σzz,i(z)2] = −ni(z)∂Φeff(z,R)
∂z
. (15)
We solve this equation in the Sun’s vicinity (R = R0). In ad-
dition to the Boltzmann equation, we use the Poisson equa-
tion in cylindrical coordinate to connect theory to the ob-
servations as it relates the potential to the density in terms
of z as:
∂2Φeff
∂z2
= 4piG[ρB(z) + ρeffDM (z,R0)], (16)
where the effective dark matter density (Garbari et al. 2012)
by moving the radial component of the Poisson equation to
the right-hand side is
ρeffDM (z,R0) = ρDM (z,R0)− 14piGr
∂v2c (R0)
∂r
, (17)
and the second term at the right-hand side of the equa-
tion associate to the rotation curve at the position of the
Sun. This term can be calculated from the Oort constants
(J. Binney 1998) of A and B as
1
4piGr
∂v2c (r)
∂r
= B
2 −A2
2piG , (18)
where A = 12 (
vc
r
− dvc
dr
)(R0) and B = − 12 ( vcr + dvcdr )(R0).
There is a wide variety of measurements of these constants,
but in this study we used one of the most accurate and
recent values of these measurements from Bovy (2017) and
Schutz et al. (2018) as A = 15.3 ± 0.4kms−1 kpc−1 and
B = −11.9± 0.4 kms−1kpc−1 .
We rewrite equation (15) in the integral form as
σzz,i(z)2 =
−1
ni(z)
∫ ∞
z
ni(z′)
∂Φeff
∂z′
dz′. (19)
The upper bound of this integral goes up to infinity, how-
ever, the integrand falls off exponentially in the z-direction
and from our numerical calculation, we put cut-off a the al-
titude of z = 2 kpc. The dispersion velocity of stars, as well
as the number density of the stars, are the observable pa-
rameters. In Figure (5), we show the observational data of
σzz(z) and n(z) in terms of |z| for each of the three tracer
populations.
It is well known that the velocity dispersion of a stellar pop-
ulation σzz(z) increases with age or deficit of the metallicity
(Wielen 1977; Rebassa-Mansergas et al. 2016) as seen in Fig-
ure (5). Moreover, the dispersion velocity of metal-poor stars
is almost twice of the intermediate or metal-rich stars. The
vertical velocity dispersion increases only for the metal-poor
stars with distance from the plane. The other types of stars
have the non-monotonic profile of the dispersion velocity as
a function of z.
3.3 Density profile of baryonic matter
In this study, we need the numerical value of the baryonic
matter density of galaxy in the Galactic bulge and disk. It is
more convenient to use the surface density rather than the
volume density of matter. The surface density of baryonic
matter can be defined as
Σj(R0) = 2
∫ zmax
0
ρj(R0, z′)dz′, (20)
where j represents the two components of the baryonic
matter as the gas and stars and the column density is
measured around the Sun. We use the measured values of
Σg,obc = 12.6± 1.6 M0pc−2 and Σ?,obs = 31.2± 1.6 M0pc−2
where the maximum distance of zmax = 1.1 kpc is taken for
the integration (McKee et al. 2015). These data obtained
from direct photometric observations (Lisanti et al. 2018).
4 SET UP AND METHODOLOGY
In this section, we want to constrain the free parameters
of the DM and MOG models using the observational data
via the Bayesian likelihood analysis. The main purpose of
this study is to compare these models with local Milky Way
observables. For the first step, we use "Rotation Curve data"
around the location Sun (i.e R0 = 8.12 kpc) to compare the
MNRAS 000, 1–?? (2015)
Testing MOdified Gravity (MOG) theory and dark matter model in Milky Way using the local observables 5
Table 1. Marginalized constraints (1σ) uncertainties of free parameters using the Gaia DR2 data.
Parameter ρ˜∗ ρ˜g h∗,R M∗,b ρ˜dm γ Rs α µ χ2
Unit Mpc−3 Mpc−3 kpc 1010M Mpc−3 − kpc − kpc−1 −
DM 1.08± 0.40 0.46± 0.31 2.98± 0.52 0.23± 0.30 0.03± 0.02 0.63± 0.28 37.5± 4.50 - - 4.07
MOG 1.99± 0.49 0.20± 0.17 2.81± 0.29 0.36± 0.28 − − − 8.03± 0.05 0.05± 0.01 4.10
two models.
This method may give us an overall view at the beginning
of this study. We use 39 data points across Galactocentric
distances of 5 < R < 16 kpc from the second Gaia data
release (DR2) which is shown in Figure (1), according to
Table (3) in Crosta et al. (2018). Gaia DR2 has provided
extremely well measured proper motions and positions on
the sky for a significantly large volume of our Galaxy, as
well as precise parallaxes within ∼2-3 kpc from the solar
neighborhood. We can write the likelihood function for the
rotation curve as
L(p) ∝ exp
[
−12
N∑
i
(
vR(Ri,p)− vR,i
σvR,i
)2]
, (21)
where the free vector p is {ρ˜∗, ρ˜g, h∗,R,M∗,b, ρ˜dm, γ, Rs} and
{ρ˜∗, ρ˜g, h∗,R,M∗,b, α, µ} for DM and MOG models, respec-
tively. We consider uniform priors on these parameters and
the range allowed for each parameter is as follows
ρ˜∗ ∈ [0, 3]Mpc−3, ρ˜g ∈ [0, 0.5]Mpc−3,
h∗,R ∈ [0.1, 4]kpc,M∗,b ∈ [0.1, 4]1010M,
ρ˜dm ∈ [0.01, 0.08]Mpc−3, γ ∈ [0, 2], Rs ∈ [5, 100]kpc,
α ∈ [7, 16], µ ∈ [0.03, 0.07]kpc−1
and by using the Markov Chain Monte Carlo (MCMC) im-
plementation we recover the posterior distributions for the
parameters of both models. We summarize the numerical
results of this likelihood analysis in Table (1). To quanti-
tatively asses these models, we compare the best fitting to
these two models using the reduced χ2, the Akaike Informa-
tion Criterion (AIC) and the Bayesian information criterion
(BIC) formulas as given by:
χ2red =
χ2min
N −M , (22)
AIC = χ2min + 2M +
2M(M + 1)
N −M − 1 , (23)
BIC = χ2min +M lnN , (24)
where N is the number of data points and M is the num-
ber of free parameters in each model. The preferred model
amongst the other models corresponds to the minimum AIC
and BIC values. For comparing the other models with the
best model, we use two parameters of ∆AIC and ∆BIC.
These parameters are interpreted according to the calibrated
Jeffreys’ scales shown in Tables 2 and 3 in Bonilla Rivera &
García-Farieta (2019). In comparison between the dark mat-
ter model and MOG with the rotation curve of the Milky
Way galaxy, we obtain the following results of
• For DM model: χ2red = 0.127, N = 7, AIC = 21.7 and
BIC = 29.7.
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Figure 1. Rotation curves for DM (solid line) and MOG (dashed
line) models according to values given in the Table (1). Gaia DR2
data have been shown with their error bars.
• For MOG model: χ2red = 0.124, N = 6, AIC = 18.8 and
BIC = 26.1.
By qualitative interpretation of ∆AIC and ∆BIC, the
above results show that these two models are consistent with
the observed data. In Figure (1), we compare the RCs of two
models with observational Gaia DR2 data by using the best-
fitting parameters. The result of the two models is consistent
with the observed data points and also, two models show a
declining trend by increases in the distance from the center
of the galaxy as observed in pervious literatures (Sofue 2012;
Huang et al. 2016).
One of the parameters we obtained from the fitting is the
mass of the bulge in Table (1). There are other observa-
tional method such as photometric and microlensing ob-
servations where the mass of bulge has been obtained as
M∗,b,obs = (0.62±0.31)×1010M from photometric observa-
tions (Lopez-Corredoira et al. 2007) and M∗,b,obs = (1.50±
0.38)× 1010M from microlensing observations (Calchi No-
vati et al. 2008). Our results are consistent with the pho-
tometric observations. Also, we obtained the scale length of
the stellar disk for two models which are consistent with the
observed value of h∗,R,obs = 2.6±0.5kpc in Bland Hawthorn
& Gerhard (2016). We note that Negrelli et al. (2018) have
performed a test of MOG theories within MW by using the
compilations of halo star data from Huang et al. (2016) and
tracers galkin1 released in Pato & Iocco (2017) for the ob-
served Rotation Curve up to 200 kpc by considering the set
of different morphologies. They concluded that in none of
its present formulation, the MOG theory is able to explain
1 https://github.com/galkintool/galkin
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Table 2. Marginalized constraints (1σ) uncertainties of free parameters using dynamical local observational.
Parameter Unit DM MOG
ρ˜∗ Mpc−3 0.57+0.12−0.12 2.21
+0.30
−0.27
ρ˜g Mpc−3 0.16+0.10−0.10 0.31
+0.11
−0.11
h∗,R kpc 3.43+0.12−0.12 2.20
+0.14
−0.14
M∗,b 1010M 0.61+0.11−0.11 1.06
+0.21
−0.26
ρ˜dm 10−2Mpc−3 1.37+0.16−0.16 −
γ − 1.00+0.02−0.02 −
Rs kpc 50.93+0.56−0.56 −
α − − 8.99+0.02−0.03
µ kpc−1 − 0.05+0.01−0.01
ni 10−3pc−3
2.15+0.05−0.05
30.49+0.11−0.11
4.47+0.02−0.02
2.11+0.03−0.03
28.49+0.14−0.17
4.29+0.02−0.02
hi kpc
0.92+0.02−0.02
0.28+0.01−0.01
0.47+0.01−0.01
0.83+0.02−0.02
0.28+0.02−0.02
0.47+0.02−0.02
Table 3. The result of Bayesian Analysis based on a MCMC
method.
Model N χ2min χ2red AIC BIC
DM 13 39.3 1.36 78.3 87.89
MOG 12 43.02 1.43 77.8 87.87
the observed Rotation Curve of the Milky Way.
In following we perform the main constrain comparing the
models with the complete set of local Milky Way observ-
ables as (i) rotation curve of the disk, (ii) surface density of
baryonic matter and (iii) dispersion velocity of local stars.
In another word, the observables are
Xobs = [(vR)R0 , (dvR/dR)R0 ,Σ
1.1
∗ ,Σ1.1g , ni(z), σzz,i(z)]. (25)
Here we fix the three galactic parameters of r∗,b, h∗,z and
hg,z in equation (2) from the observation in Bland Hawthorn
& Gerhard (2016), Bovy (2017). We let the the baryon po-
tential parameters {ρ˜∗, ρ˜g, h∗,R,M∗,b} and SEGUE tracer
population parameters {ni, hi|i = 1, 2, 3} to be free param-
eters. Here, "i" presents three tracer populations consisting
of metal-rich, metal-intermediate and metal-poor stars, re-
spectively. Also we let the DM halo model of {ρ˜dm, γ, Rs}
and for the MOG case {α, µ} to be free parameters.
We implement the Bayesian approach to the parameter es-
timation based on an MCMC method. In Table (2) we re-
port the best fit estimate as the mean of the posteriors and
their 68% confidence interval. Figures (6) and (7) present
the 1−3σ combined likelihood contours for the two models.
In Table (3), we report χ2red for DM and MOG from this
analysis. Since we obtained ∆AIC = 0.5 and ∆BIC = 0.02
so we found that both DM model and MOG theory are con-
sistent with the combination of the rotational velocity and
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Figure 2. Value of ρ˜dm found in this work (coloured band) com-
pared with the values obtained in (Salucci et al. 2010), (McMillan
2011), (Nesti & Salucci 2013),(Bienaymé et al. 2014), (Pato et al.
2015), (Huang et al. 2016) , (Eilers et al. 2019) and (Karukes
et al. 2019).Note that 1GeVcm−3 = 0.027Mpc−3.
vertical motion of nearby stars in the Milky Way.This com-
patibility is also shown in Moffat & Toth (2015), except that
they assumed MW to be a point particle and used only the
rotation velocity data upto a distance of 180 kpc.
We also note that we let the local density of dark mat-
ter as the free parameter in gNFW model and obtain it
from the best fit to the kinematics data of stars. This data
is the combination of the rotation curve of the galaxy and
vertical kinematics of a selected group of tracer stars. We
obtain the best value of the dark mater density in equation
(3), ρ¯dm = 0.0137± 0.002 Mpc−3 = 0.52± 0.08 GeVcm−3
that is compared with the other observations in Figure (2).
We can calculate the local density of the dark matter from
equation (3) which is ρ¯0 = 0.063 ± 0.002 Mpc−3, consis-
tent with Widmark (2019). Also, we let the parameters of
MNRAS 000, 1–?? (2015)
Testing MOdified Gravity (MOG) theory and dark matter model in Milky Way using the local observables 7
Table 4. The local density of baryonic components at the Galac-
tic midplane (R0, 0).
Model ρg,0(Mpc−3) ρ∗,0(Mpc−3)
DM 0.049± 0.065 0.053± 0.031
MOG 0.050± 0.046 0.055± 0.040
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Figure 3. Total density profile of the MW as a function of Galac-
tocentric radius (upper panel) and the height above the Galactic
plane (lower panel) at R = 8.12 kpc.The solid red line repre-
sents the total matter contribution for DM model (i.e. the sum
of the bulge and the two disks as the baryonic counterpart plus
the dark matter halo) and the blue dotted line represents the
baryonic-matter for MOG model.
the baryonic matter of the galaxy in equation (1) and (2)
as the free parameters and obtain the local density of gas
and stars of the disk. Table (4) presents the results of the
baryonic densities and the local density of interstellar gas
at the Galactic mid-plane for the two models. Our results
in both models are consistent with the direct observation,
ρg,0 = 0.041±0.004Mpc−3 in McKee et al. (2015). For the
two models, we calculate the total local baryonic density as
ρbar0(DM) = 0.103± 0.097Mpc−3 (26)
ρbar0(MOG) = 0.105± 0.087Mpc−3. (27)
The value of ρbar0 for two models we obtained is also con-
sistent with Garbari et al. (2012) with the value of ρbar0 =
0.098 ± 0.014Mpc−3 and McKee et al. (2015), with the
value of ρbar0 = 0.084± 0.012Mpc−3 and Widmark (2019)
with the value of ρbar0 = 0.0889± 0.0071Mpc−3.
Combining the local dark matter and baryonic mat-
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Figure 4. Rotation curves for DM and MOG models according to
values given in Table (2). The black point correspond to vc(R0) =
229.0 ± 12kms−1 that is determined in (Eilers et al. 2019).The
soiled curves for the DM model and the dashed curves for the
MOG model. The contributions from bulge (green curves), disk
(pink curves) and gas (cyan curves) are shown.
ter, we obtained the total density of matter as ρtot =
0.167± 0.118Mpc−3. From our analyses in MOG, we also
obtain α = 8.99±0.02 and µ = 0.054±0.005 kpc−1 which is
in agreement with the "universal" values of α = 8.89± 0.34
and µ = 0.042 ± 0.004 kpc−1 (Widmark Mof). In Figure
(3), we show the matter density profile for the two models
in terms of Galactocentric radius (R) and height above the
Galactic plane (z) using the best-fit values of their param-
eters in Table (2). Since the density of disk exponentially
decreases by distance and the density of halo in DM model
decreases as a power-law function, for R > 4 kpc the density
for DM model is larger than that of MOG model.
In Figure (4), we use values in Table (2) and calculate the
rotation curve of Galaxy for different components and the
overall rotation velocity of DM and MOG. Our theoretical
curves in MOG and DM are consistent with the data.
Finally, we plotted vertical velocity dispersions and number
density for the three different stellar tracer populations using
the values of Table (2) in Figure (5). The dispersion velocity
of the metal-poor stars has good compatibility of the DM
and MOG with the observations. This class of stars is very
old and they interact with the mean-field of the galaxy. In
another word, the old stars forgot the memory of gravita-
tional kicks from the other stars. However, the metal-rich
and metal intermediate stars are young and do not follow
the dynamics from the mean field of the Galaxy. The density
of stars as a function of distance from the Galactic plane is
almost consistent with both MOG and DM theories.
5 CONCLUSIONS
In this study, we compared the consistency of DM and
MOG theories with local Milky Way observables including
the rotation curve, the vertical dispersion velocity, the
baryonic surface density, and the stellar disk profile. We
described the baryonic mass distribution using a stellar
disk, a gas disk, and a stellar bulge. For the DM scenario,
the halo distribution was assumed to follow a spherical
gNFW profile and for studying the behavior of MOG on
MNRAS 000, 1–?? (2015)
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Figure 5. Vertical velocity dispersions (top row) and number densities (bottom row) according to values given in the of Table (2) for
the three different stellar tracer populations used in this study.
astrophysical scales we used the weak field approximation
of this theory. Under this scheme, the scalar fields remained
constant and the acceleration of a test particle could obtain
from the gradient of the effective potential.
We have performed a Bayesian likelihood analy-
sis to compare two models and let the parameters
{ρ˜∗, ρ˜g, h∗,R,M∗,b, ρ˜dm, γ, Rs} and {ρ˜∗, ρ˜g, h∗,R,M∗,b, α, µ}
for DM and MOG models, respectively as the free param-
eters. In comparison to MOG theory, DM model typically
prefers smaller bulge mass, M∗,b that consistent to pho-
tometric observations, M∗,b,obs = (0.62 ± 0.31) × 1010M
(Lopez-Corredoira et al. 2007) but in tension with mi-
crolensing observations, M∗,b,obs = (1.50 ± 0.38) × 1010M
(Calchi Novati et al. 2008). The best value from MOG is
M∗,b,MOG = (1.06 ± 0.26) × 1010M which is consistent
with the microlensing result.
We also obtained the local density of dark matter
ρ¯dm(R0) = 0.0137 ± 0.002Mpc−3 that is consistent with
ρ¯dm(R0) = 0.0134 ± 0.002Mpc−3 by Lin & Li (2019),but
it is a little bit larger than the 0.008 ± 0.001Mpc−3 value
given by Huang et al. (2016). Two free parameters of MOG
theory were obtained in this analysis are as α = 8.99± 0.02
and µ = 0.054 ± 0.005 kpc−1 which are in agreement with
results of Widmark (Mof).
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